H EMOGLOBIN IS A HIGHLY CONserved molecule found in species ranging from singlecell organisms to mammals, but the role of hemoglobin in different organisms varies. While hemoglobin in bacteria functions as a nitric oxide sump by oxidation of nitric oxide to nitrate, 1-3 hemoglobin functions to remove oxygen in nematodes, a critical task for anaerobes. 4 By contrast, in mammals, hemoglobin primarily serves a respiratory function in the delivery of oxygen and removal of carbon dioxide. Based on the recent discovery that nitric oxide is a critical regulator of vasodilation and vascular homeostasis, the interactions of nitric oxide with hemoglobin in mammals has drawn increasing interest. Because the reaction of nitric oxide with the vast amounts of intravascular oxyhemoglobin (16 g/dL) is fast (10 7 M -1 s −1 ) and irreversible, it would be expected that nitric oxide produced by endothelium would be immediately scavenged by hemoglobin and would therefore be incapable of paracrine diffusion from endothelium to vascular smooth muscle. 5, 6 However, the ability of hemoglobin to react with nitric oxide produced by endothelium is limited by compartmentalization of hemoglobin inside the erythrocyte. [7] [8] [9] Thus, the evolution of the erythrocyte may be considered as a mechanism of reducing toxicity while CME available online at www.jama.com ensuring separation of the critical respiratory transport machinery needed for efficient oxygen delivery from the endothelium. Moreover, multiple systems have evolved to control the level of cell-free hemoglobin in the plasma during normal physiological hemolysis, presumably to curtail the deleterious effects of plasma hemoglobin on nitric oxide bioavailability and endothelial function.
During intravascular hemolysis, cell-free plasma hemoglobin may overwhelm homeostatic systems in place to remove it. 10 Hemolytic conditions with substantial intravascular hemolysis include paroxysmal nocturnal hemoglobinuria (PNH), sickle-cell disease (SCD), thalassemias, hereditary spherocytosis and stomatocytosis, microangiopathic hemolytic anemias, pyruvate kinase deficiency, ABO mismatch transfusion reaction, paroxysmal cold hemoglobinuria, severe idiopathic autoimmune hemolytic anemia, infection-induced anemia, malaria, cardiopulmonary bypass, mechanical heart valve-induced anemia, and chemical-induced anemias. Although the various hemolytic diseases each have unique symptoms, they often share hemoglobinemia-related sequelae. In addition, observations from the clinical administration of artificial, purified, and recombinant hemoglobin solutions have provided further support for the causal relationship between excess cell-free hemoglobin in the bloodstream, symptoms, and cardiovascular events. [11] [12] [13] [14] [15] [16] [17] [18] Nitric oxide scavenging by excess plasma hemoglobin has been implicated in various clinical manifestations of intravascular hemolysis. Nitric oxide is a regulator of smooth muscle tone and platelet activation, and reductions in nitric oxide plasma levels lead to smooth muscle dystonias, including hypertension, gastrointestinal contractions, and erectile dysfunction, as well as clot formation. 16, 17, [19] [20] [21] [22] [23] [24] [25] [26] Hemoglobin also exerts direct cytotoxic, inflammatory, and pro-oxidant effects that adversely affect endothelial function. 27 
EVIDENCE ACQUISITION

EVIDENCE SYNTHESIS The Removal of Hemoglobin During Intravascular Hemolysis
When red blood cells (RBCs) are destroyed within the vascular compartment, hemoglobin escapes into the plasma, dimerizes, and is rapidly bound by the serum protein haptoglobin. The haptoglobin-hemoglobin complex exposes a neoepitope that is recognized by the hemoglobin scavenger receptor, CD163 on the surface of monocytes/ macrophages, which binds the complex with high affinity and mediates haptoglobin-hemoglobin endocytosis and degradation. 28, 29 Since haptoglobin is not recycled, formation of large amounts of haptoglobin-hemoglobin complexes leads to rapid haptoglobin depletion. Thus, in severe hemolytic diseases such as PNH and SCD, serum haptoglobin is typically undetectable. 10 Ferrous heme (Fe II ), the oxygenbinding component of hemoglobin, can be oxidized to ferric heme (Fe III ), which is then released from hemoglobin and binds with high affinity to a plasma glycoprotein, hemopexin. Heme bound to hemopexin is degraded in a series of enzymatic steps in the liver. Heme oxygenase 1 (HO-1) subsequently breaks down the pro-oxidant and pro-inflammatory heme into carbon monoxide, biliverdin, and iron. Carbon monoxide has vasodilatory, antiproliferative, antiinflammatory, and antioxidant properties, [30] [31] [32] [33] while biliverdin is an antioxidant that is converted by biliverdin reductase to bilirubin. 34, 35 Biliverdin reductase itself has catalytic antioxidant properties. 34 The heme-derived oxidant iron is directly sequestered and inactivated by ferritin. 36 Additionally, haptoglobin-hemoglobin binding to CD163 signals anti-inflammatory IL-10 and HO-1 induction in circulating monocytes. 37 Thus, the antioxidant, anticoagulant, antiproliferative, and vasodilating effects of the CD163/HO-1/ biliverdin reductase systems likely represent an evolved compensation for the nitric oxide scavenging, vasoconstrictive, proliferative, inflammatory, and pro-oxidant effects of extracellular hemoglobin, heme, and heme-iron.
When the capacity of these scavenging mechanisms has been saturated during acute or chronic hemolysis, levels of hemoglobin and heme increase in the plasma and urine. Plasma hemoglobin has the ability to scavenge nitric oxide while heme possesses multiple proinflammatory and pro-oxidant properties.
Hemolysis Causes Local and Systemic Nitric Oxide Deficiency Through the Release of Hemoglobin in Plasma
Nitric oxide reacts with hemoglobin in an extremely fast and irreversible reaction (10 7 M -1 s -1 ) that produces an inactive oxidation product nitrate (NO 3 ) and methemoglobin. 6 The speed and irreversibility of this reaction is such that very little hemoglobin can completely inhibit endothelial nitric oxide and produce endothelial dysfunction. For example, 0.01 g/dL of hemoglobin is sufficient to completely inhibit aortic ring dilation on exposure to acetylcholine. 38 Under normal physiological conditions, the reaction rate of nitric oxide and hemoglobin is severely limited by approximately 600-fold due to multiple diffusional barriers to nitric oxide around the RBC membrane and along the endothelium in laminar flowing blood. [7] [8] [9] According to this model, vascular homeostasis is dependent on the compartmentalization or physical separation of hemoglobin from endothelium. 5 During intravascular hemolysis, this separation and the diffusional barriers are disrupted, resulting in efficient nitric oxide scavenging and endothelial dysfunction. 39, 40 Haptoglobin can bind approximately 0.07 to 0.15 g/dL of hemoglobin depending on the haptoglobin allotype. 41 Once the capacity of this hemoglobin-scavenging protein is exceeded, consumption of endogenous nitric oxide intensifies. Plasma hemoglobin levels in patients with PNH are commonly in the range of 0.05 to 0.2 g/dL and can exceed 1.0 g/dL during severe hemolytic episodes. 42 Similarly, plasma hemoglobin levels range from 0.001 to 0.033 g/dL in SCD and can exceed 0.041 g/dL during vaso-occlusive crisis. 39, 43 Because the haptoglobin/ hemoglobin complex is degraded in the liver, the occurrence of steady state intravascular hemolysis in diseases such as PNH and SCD typically generates sufficient plasma hemoglobin to completely deplete haptoglobin. It has been shown that quantities of plasma hemoglobin greater than 0.01 g/dL can potently inhibit nitric oxide-dependent vasodilation in vivo. 39, 44 In vitro consumption of nitric oxide in patients with SCD is highly correlated with measured plasma hemoglobin levels (R = 0.92), and immunodepletion of hemoglobin from plasma eliminates the ability of the plasma to consume nitric oxide. 39 Consistent with an in vivo effect of elevated circulating plasma hemoglobin on endothelial function, patients with SCD exhibit blunted vasodilatory responses to infusions of the direct-acting nitric oxide donor sodium nitroprusside. 39 In fact, patients with plasma hemoglobin levels higher than 0.01 g/dL have an 80% reduction in nitric oxide-dependent blood flow responses. Moreover, nitroglycerin-induced vasodilation is impaired in SCD patients, 45 and diminished vasomotor response to nitric oxide donors is observed in trans-genic sickle-cell mice. 46, 47 These mice also exhibit systemic resistance to nitric oxide donors, which correlates with hemolytic rate and plasma hemoglobin levels. 48 While there is clearly a state of nitric oxide-mediated resistance in SCD patients and transgenic sickle-cell mouse models, overall blood flow and cardiac output are high in the face of the associated anemia. This increase in cardiac output in response to anemia appears to be mediated by up-regulation of nonnitric oxide vasodilators such as prostacyclin and endothelium-derived hyperpolarizing factor. This is illustrated in SCD patients by normal or high basal blood flow responses to acetylcholine, an endothelium-dependent vasodilator, which is not affected by simultaneous nitric oxide synthase inhibition (L-NMMA). 45, 49 The hypothesis of a compensatory increase in non-nitric oxide vasodilators was recently confirmed by Kaul and colleagues who demonstrated that transgenic mice expressing exclusively human hemoglobin S exhibit complete resistance to nitric oxidemediated vasodilation accompanied by an increase in cyclooxygenase 2 (COX-2) levels and non-nitric oxide-dependent blood flow. 48 In addition to hemoglobin decompartmentalization and nitric oxide scavenging, hemolysis also releases erythrocyte arginase, an enzyme that converts L-arginine, the substrate for nitric oxide synthesis, to ornithine, thereby further reducing the systemic availability of nitric oxide. [50] [51] [52] Consistent with this observation, the arginineto-ornithine ratio decreases significantly as pulmonary pressures increase in SCD patients. 22 The biological effects of nitric oxide and its removal during intravascular hemolysis are depicted in the FIGURE. We propose that the release of hemoglobin during intravascular hemolysis results in excessive consumption of nitric oxide, subsequent reduction in guanylate cyclase activity, smooth muscle contraction, vasoconstriction, and platelet activation/aggregation.
The systemic removal of nitric oxide has been shown to contribute to clinical morbidities, including severe esophageal spasm and dysphagia, abdominal pain, erectile dysfunction, and thrombosis. 16, 17, [23] [24] [25] [26] In addition, systemic release of hemoglobin is associated with pulmonary and systemic hypertension, 17,20,53-55 decreased organ perfusion, and increased mortality. [53] [54] [55] [56] [57] [58] Plasma hemoglobin and its breakdown product heme can also directly activate endothelial cells and further promote inflammation and coagulation. 27
Plasma Hemoglobin Causes Dose-Dependent Increases in Adverse Clinical Signs and Symptoms
Stroma-free hemoglobin, cross-linked human or bovine hemoglobin, purified human hemoglobin, or recombinant human hemoglobin preparations have been administered to patients, human volunteers, and animals. As summarized in the TABLE, intravascular plasma hemoglobin is associated with a dose-dependent increase in adverse clinical signs and symptoms, including hemoglobinuria, abdominal pain, sternal pain, esophageal spasm, and dysphagia, as well as increases in blood pressure, platelet activation, creatine kinase level, and mortality.
Hemoglobinuria and Renal Dysfunction. Hemoglobinuria is one of the most prominent clinical signs of excessive intravascular hemolysis and is commonly associated with the administration of hemoglobin solutions. [11] [12] [13] [14] [15] Plasma hemoglobin is normally filtered through the glomerulus and actively reabsorbed in proximal tubule cells where it is catabolized with release of iron in the form of hemosiderin. When the kidney's reabsorption capacity is exceeded, clinically significant hemoglobinuria occurs. Acute renal failure may occur during severe episodes of hemoglobinuria. 59 Persistent severe hemoglobinuria is also associated with substantial proximal tubule hemosiderin deposition, Fanconi syndrome (defective renal reabsorption of small molecules leading to hyperaminoaciduria, glycosuria, hyperphosphaturia, and During intravascular hemolysis, hemoglobin is released into the plasma where it is normally cleared by the hemoglobin scavengers haptoglobin, CD163, and hemopexin. Haptoglobin-hemoglobin complexes bind to CD163 on the surface of macrophages/monocytes initiating endocytosis and degradation of the complex. Hemoglobin also releases ferric heme on oxidation, which is bound by hemopexin and degraded by hepatocytes in the liver. Excessive hemolysis saturates and depletes these hemoglobin removal systems and leads to a buildup of hemoglobin and heme in the plasma. Plasma hemoglobin and heme mediate direct proinflammatory, proliferative, and pro-oxidant effects on vessel endothelial cells. NO is normally generated from L-arginine in vessel endothelial cells by the enzyme nitric oxide synthase (NOS). NO maintains smooth muscle relaxation and inhibits platelet activation and aggregation, thereby regulating vessel tone and promoting organ system homeostasis. During intravascular hemolysis, NO availability can be severely limited by its reaction with oxyhemoglobin (NO scavenging) and by the breakdown of the substrate for NO synthesis, L-arginine, by the red cell enzyme arginase, despite elevated levels of NOS (decreased NO synthesis). NO depletion results in decreased activation of guanylate cyclase, an enzyme required for the generation of cyclic guanine monophosphate (cGMP). Decreased cGMP levels disrupt regulation of smooth muscle tone resulting in dystonias, including systemic and pulmonary hypertension, erectile dysfunction, dysphagia, and abdominal pain. Decreased cGMP levels through the depletion of NO can also lead to platelet activation and aggregation, promoting clot formation. GTP indicates guanosine 5'-triphosphate.
bicarbonate and water loss), and chronic renal failure. 59, 60 Gastrointestinal Dystonias and Pain. Administration of hemoglobin preparations to healthy human volunteers is associated with dose-dependent gastrointestinal symptoms, including abdominal pain, esophageal spasms, and dysphagia. 11, 12, 14, 16, 17 Increasing doses of recombinant hemoglobin result in increases in the duration of esophageal contractions. 16 Further, acute episodes of intravascular hemolysis in patients undergoing long-term dialysis with plasma hemoglobin levels ranging from approximately 0.3 to 2.1 g/dL have also been associated with abdominal pain. 61 Hemoglobin-induced esophageal spasms are most likely attributable to nitric oxide consumption, as inhibition of this molecule in healthy human volunteers results in an increase in esophageal peristaltic amplitude and velocity (spasms) and a decrease in gastric distention-triggered transient lower esophageal sphincter relaxation. 62 Consistent with this hypothesis, augmentation of the downstream effect of nitric oxide via inhibition of phosphodiesterase type 5 (PDE5) with sildenafil relieves spasms in patients with esophageal motor disorders. 63, 64 Vasoconstriction and Systemic and Pulmonary Hypertension. The administration of cell-free hemoglobin solutions to healthy volunteers and patients is commonly associated with a dosedependent increase in systolic and dia-stolic blood pressure, [11] [12] [13] [14] [15] 17, 18 which is reversed by the administration of the nitric oxide donor, sodium nitroprusside, confirming the importance of nitric oxide scavenging in vasoregulation. 19 Plasma hemoglobin and erythrocytes also augment hypoxic pulmonary vasoconstriction by scavenging nitric oxide, with plasma hemoglobin demonstrating an approximate 1000-fold greater nitric oxide scavenging potency in these models. 20 Pulmonary arterial hypertension is an increasingly recognized complication of chronic hereditary and acquired hemolytic anemias, including SCD, 22,51,65-69 thalassemia intermedia and major, [70] [71] [72] [73] [74] [75] [76] PNH, 77, 78 hereditary spherocytosis and stomatocytosis, 79-84 microangiopathic hemolytic anemias, [85] [86] [87] [88] [89] [90] [91] and pyruvate ki- nase deficiency. 92 There are a number of pathophysiological features shared by these disparate disorders, including intravascular hemolysis, iron overload, a propensity toward thrombosis, and surgical or autosplenectomy.
In a recent study of 195 adult patients with SCD, 32% had mild to severe pulmonary hypertension. Markers of hemolysis, including anemia, bilirubin, lactate dehydrogenase (LDH), and aspartate aminotransferase (but not liver-specific alanine aminotransferase), were associated with pulmonary hypertension. 22 In addition to limiting nitric oxide bioavailability via hemoglobin-based nitric oxide scavenging and dysregulated arginine metabolism, hemolysis is associated with activation of downstream adhesion, prothrombotic, and pro-oxidant pathways that may further contribute to endothelial dysfunction and vasculopathy. 39, 49, 93, 94 Other mechanisms may also contribute to the development of pulmonary hypertension, including chronic thromboembolism and in situ thrombosis, asplenia, pulmonary fibrosis, liver cirrhosis secondary to iron overload and hepatitis C, and induction of hypoxiainducible factor 1␣-dependent factors such as vascular endothelial growth factor, endothelin 1, and erythropoietin. 22, 69, 76, 84, 95, 96 Thrombosis and Platelet Activation. Excessive plasma hemoglobin may contribute to platelet activation and thrombosis. The infusion of cross-linked hemoglobin increases platelet aggregation and adhesion in vivo on prothrombotic surfaces such as an injured vessel wall. 25 Additionally, administration of heme in healthy volunteers is associated with thrombophlebitis, demonstrating that heme can cause vascular inflammation followed by vascular obstruction in vivo. 97 Interestingly, the addition of cell-free hemoglobin to human serum at concentrations of 0.2 to 2.0 g/dL causes a dose-dependent inhibition of the metalloprotease ADAMTS13, an enzyme critical in limiting platelet thrombus formation. 98 The major untoward effects of plasma hemoglobin on platelet function are most likely mediated by the scavenging of nitric oxide. Nitric oxide has been shown to inhibit platelet aggregation, induce disaggregation of aggregated platelets, and inhibit platelet adhesion through increasing cyclic guanine monophosphate (cGMP) levels. 24, 99 In fact, nitric oxide donor drugs (Snitrothiols) that increase systemic levels of nitric oxide have been shown to inhibit platelet aggregation. 100 Conversely, nitric oxide scavenging by hemoglobin or the reduction of nitric oxide generation by the inhibition of arginine metabolism results in an increase in platelet aggregation. 25, 26, 101 Nitric oxide interacts with components of the coagulation cascade to downregulate clot formation. For example, nitric oxide has been shown to chemically modify and inhibit factor XIII, which suggests that nitric oxide deficiency would enhance clot stability and reduce clot dissolution. 102 In animal models, reduction of nitric oxide causes increases in fibrin split products and thrombinantithrombin complexes leading to significant fibrin deposition and thrombus formation. 103 Moreover, in a patient with L-arginine deficiency, reduced nitric oxide production is associated with increased thrombin-antithrombin complexes and fibrin split products, while reversal of nitric oxide deficiency with L-arginine causes a reduction in intravascular coagulopathy. 104 Erectile Dysfunction. Hemoglobin release during intravascular hemolysis has been implicated in the pathogenesis of erectile dysfunction in patients with PNH, presumably through the scavenging of nitric oxide. 23, 60 It has been well established that local nitric oxide deficiency due to decreased synthesis, impaired release, or premature destruction is one of the factors responsible for erectile dysfunction. The capacity of PDE5 inhibitors such as sildenafil to improve erectile dysfunction via the accumulation of cGMP is dependent on the availability of nitric oxide. 105, 106 Inflammation and Oxidation. Plasma hemoglobin and heme may possess inflammatory properties. The presence of large amounts of vascular heme re-sults in inflammatory infiltrates in various organs in mice and induction of neutrophil activation and migration in vitro. 27, 107 Heme stimulates the expression of the adhesion molecules ICAM-1 (intracellular adhesion molecule 1), VCAM-1 (vascular cell adhesion molecule 1), and E-selectin on endothelial cells in vitro. 108 Heme and hemoglobin blood substitutes are associated with significant increases in vascular permeability. 109, 110 Plasma hemoglobin promotes formation of the biologically hazardous hydroxyl-radical, a process that may be regulated by the hemoglobin scavenger haptoglobin. 94 Many of the proinflammatory effects of plasma hemoglobin and heme may involve consumption of nitric oxide. Studies have shown that nitric oxide inhibits cytokine-induced induction of VCAM-1, ELAM-1 (endothelial leukocyte adhesion molecule 1), and ICAM-1 resulting in an anti-inflammatory effect. 111, 112 The consumption of nitric oxide by hemoglobin circumvents the anti-inflammatory properties of nitric oxide.
Paroxysmal Nocturnal Hemoglobinuria: a Prototypic Disease of Intravascular Hemolysis
Paroxysmal nocturnal hemoglobinuria is an acquired clonal disorder of the hemopoietic stem cell that is characterized by chronic intravascular hemolysis, as indicated by the grossly elevated levels of LDH in almost all patients. Episodes of severe intravascular hemolysis are manifest clinically by hemoglobinuria (the hallmark of PNH) and are also frequently associated with dysphagia, abdominal pain, erectile dysfunction, thrombosis, and disabling fatigue. 60 The biochemical defect underlying PNH occurs in the synthesis of the glycosyl-phosphatidylinositol (GPI) anchor. 113, 114 This glycolipid structure is the means by which many proteins are attached to the plasma membrane. Two GPI-linked proteins missing from PNH cells are the complement regulatory proteins CD55 (also called "decayaccelerating factor") and CD59 (also called "membrane inhibitor of reactive lysis"). The lack of complement regulation on the PNH RBC surface renders these cells extremely sensitive to complement-mediated lysis resulting in systemic hemoglobin release. 115 Lactate dehydrogenase catalyzes the reversible reduction of pyruvate to lactate by nicotinamide adenine dinucleotide. Red blood cells contain large amounts of LDH, and quantitation of total LDH and hemoglobin in osmotically lysed RBCs shows a near uniform correlation between these parameters in vitro. 116 Lactate dehydrogenase is released into the plasma during hemolysis, and levels of this enzyme are generally elevated in patients with intravascular hemolysis. 10, 117 Elevated levels of LDH are common among PNH patients due to ongoing chronic intravascular hemolysis. 10, 118, 119 Lactate dehydrogenase is accepted as an accurate measure of intravascular hemolytic rate in PNH patients, and resolution of hemolysis in these patients results in an immediate reduction in LDH levels to near normal values. 118 A paroxysm, from which PNH derives its name, occurs when there is a sudden marked increase in the rate of intravascular hemolysis. During such paroxysms, LDH levels can reach more than 25 times that of normal. 118 Paroxysms can be precipitated by events such as infection, drugs, and trauma, or they can occur spontaneously.
Paroxysms are characterized by severe bouts of hemoglobinuria, and more than 90% of PNH patients exhibit hemoglobinuria at some point in the disease, with approximately 50% of patients presenting with this clinical sign. 120 During a severe paroxysm, hemoglobin filtered through the kidney can reach sufficient levels to turn the urine black. Severe hemoglobinuria typically lasts 3 to 7 days, but extended episodes can occur. The incidence of hemoglobinuria is increased in patients with a large proportion of PNH blood cells (large PNH clone), as clone size often correlates with the degree of hemolysis. 23 In addition, it is well documented that intense hemoglobin-uria during a paroxysm can be associated with acute renal failure. 59, 121 As described above, many organ systems that are innervated by smooth muscle are adversely affected by administration of exogenous hemoglobin preparations, most likely due to the systemic removal of nitric oxide. Similarly, during paroxysms, PNH patients exhibit symptoms that are consistent with smooth muscle perturbation through the release of hemoglobin and nitric oxide scavenging, including abdominal pain, esophageal spasms, and erectile dysfunction.
Abdominal pain is experienced by approximately 35% of PNH patients during a paroxysm, and episodes are more common in patients with a large PNH clone. 23 Although thrombosis of the mesenteric venous tree has been implicated in recurrent episodes of abdominal pain, 122 many such cases do not show evidence of thrombosis. Further, abdominal pain usually rapidly resolves when the paroxysm abates, supporting the hypothesis that nitric oxide scavenging causes intestinal dystonia and spasm.
Esophageal spasm and dysphagia due to strong peristaltic waves are a common occurrence in PNH patients, with a reported incidence of approximately 23%. 23 Dysphagia in these patients has also been shown to be closely linked to a large PNH clone and hemolysis. 23 Similarly, episodes of dysphagia are most commonly associated with paroxysms and tend to resolve as the hemolysis subsides. 60 Erectile dysfunction occurs in 35% of male patients with PNH and is associated with paroxysms and PNH clone size, although erectile dysfunction can persist beyond hemolytic episodes and in many cases become permanent. 23, 60 Erectile dysfunction in these patients appears to improve with PDE5 inhibitor therapy, as long as macroscopic hemoglobinuria is absent, suggesting a role for nitric oxide scavenging in the pathogenesis (P.H., unpublished data, 2005).
Thrombosis is the most common cause of death in PNH patients. In a se-ries of 80 PNH patients, 50% of PNHrelated deaths were attributed to venous thrombosis, and approximately 40% of patients experienced thrombosis at some point in the disease. 123 The most frequent types of thrombosis in this study included hepatic, pulmonary, deep, cerebral, and superficial veins, and inferior vena cava. Interestingly, there is a tight correlation between thrombosis and a large PNH clone, and clone size correlates with hemolytic rates. 23, 124 As described above, nitric oxide plays an important role in the maintenance of normal platelet functions through the down-regulation of platelet aggregation and adhesion and the regulation of molecules in the coagulation cascade. Accordingly, the chronic consumption of nitric oxide by plasma hemoglobin has been implicated in the formation of clots in PNH patients. Indeed, thrombotic events such as Budd-Chiari syndrome increase in PNH patients during severe bouts of hemolysis (Wendell F. Rosse, MD, oral communication, August 6, 2003) . The lack of the complement regulatory proteins CD55 and CD59 on the surface of PNH platelets, which renders these cells more sensitive to complement-mediated activation, 125, 126 may also contribute to thrombotic tendency in these patients.
The relationship between intravascular hemolysis and plasma hemoglobin/nitric oxide-dependent symptoms was recently evaluated with a specific drug intervention in PNH patients. A monoclonal antibody that blocks cleavage of the complement component C5, thereby preventing complement-mediated red cell lysis, was administered to hemolytic PNH patients over a 3-month period. 118 This study demonstrated a dramatic reduction in intravascular hemolysis as LDH levels dropped from 3111 to 594 U/L (normal range, 150-480 U/L; P=.002). Similarly, the rate of hemoglobinuria (paroxysms) was reduced from 2.9 days per patient per month before treatment to 0.12 day per patient per month during treatment (PϽ.001). Therapeutic resolution of intravascular hemoly-sis in these patients also resulted in a significant improvement in objectively studied quality of life measurements. Furthermore, clinical assessment of symptoms in these patients prior to drug therapy and after the resolution of hemolysis during treatment showed that symptoms attributed to smooth muscle dystonias, including abdominal pain, dysphagia, and erectile failure, were either completely resolved, or at least dramatically reduced, in most patients. 127 These improvements in quality of life and clinical symptoms occurred despite the observation that total hemoglobin levels were unchanged during treatment, owing to a reduction in hemolytic rate and transfusion requirements. These data suggest that intravascular hemolysis and hemoglobin release mediate much of the symptoms of PNH patients, and further imply that smooth muscle constriction and prothrombotic effects of nitric oxide scavenging by plasma hemoglobin may be involved.
CONCLUSIONS
Intravascular hemolysis represents a severe pathological condition in a number of vital organ systems. Importantly, in a variety of human volunteer, patient, and animal studies, the presence of cell-free plasma hemoglobin is reproducibly associated with adverse clinical signs and symptoms, including gastrointestinal, cardiovascular, pulmonary, urogenital, hematologic, and renal abnormalities. Further, use of drugs that affect systemic levels of nitric oxide has revealed a strong relationship between homeostasis of these organ systems and the availability of nitric oxide. The demonstration that plasma hemoglobin is an efficient scavenger of nitric oxide, and that hemoglobin levels characteristic of intravascular hemolytic diseases are sufficient to effectively deplete nitric oxide, strongly support a critical role of nitric oxide scavenging in many of the clinical manifestations of hemoglobin release. Indeed, inhibition of complement-mediated hemolysis in PNH results in a reduction in plasma hemo-globin level and resolution of various clinical symptoms, thus demonstrating the close association between hemoglobinemia and these symptoms.
These data support the existence of a novel mechanism of human disease, hemolysis-associated smooth muscle dystonia, vasculopathy, and endothelial dysfunction. The definitive link between cell-free plasma hemoglobin, nitric oxide consumption, and symptoms characteristic of intravascular hemolytic diseases is now a topic of intense investigation. 
